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Abstract 
Climate change mitigation is a dynamic area that, as it is addressed, brings new challenges to other environmental aspects. 
Carbon capture and storage (CCS) plants are the latest development in a series of environmental controls and have some 
distinctive features that could potentially lead to other wider environmental problems.  Whilst CCS represents a significant step 
towards cutting greenhouse gas emissions, consideration needs to be given to the potential wider environmental consequences 
especially in terms of pollutant emissions and local air quality impacts. Challenges remain for existing plants which will need to 
consider the most cost-effective strategies for installation of CCS plant balanced against managing air quality impacts as 
dispersion characteristics change.  In the case of post-combustion carbon dioxide (CO2) capture technology, which is the focus of 
this paper, removal of CO2 from the main flue gas stream requires diversion of the flue gas through the CCS process, before it 
arrives at the exhaust stack. This flue gas stream may be all or part of the total plant flow or for multi-unit plants may be diverted 
from specific power generation units into the CCS plant before exhausting to atmosphere, either through returning back to the 
existing stack or through a new dedicated stack. This diversion and subsequent emission in itself poses an engineering challenge. 
In particular, the integration of the CCS process with the existing plant must also ensure that the diverted flue gas still achieves 
adequate dispersion as it contains residual levels of pollutants such as nitrogen oxides (NOx) and sulphur dioxide (SO2), despite 
the fact that the CCS process itself may reduce some of these pollutant levels further as a process by-product. Power plants which 
incorporate CCS will still be required to adhere to the appropriate pollutant emission limits and ensure effective dispersion to 
minimise the risk of breaching local air quality standards.  This paper draws on experience gained through post-combustion CCS 
projects and addresses the potential effects of CCS on air quality, in the case of carbon capture retrofits. The findings of this 
paper are relevant to project developers, power generators and policymakers globally who have an interest in the potential for 
CCS to provide an emissions abatement option for existing thermal assets in the short and long term. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Preamble 
Existing thermal power generation facilities are often complex in site layout, largely as a result of the 
introduction of tighter environmental controls which have necessitated the addition of processing units and other 
auxiliary equipment that were not planned for at the original design stage. This is particularly true for older sites. 
Carbon capture and storage (CCS) plants are the latest development in a series of environmental controls that 
includes particulate abatement for dust removal, flue gas desulphurisation for sulphur dioxide (SO2) removal and 
denitrification for nitrogen oxides (NOx) removal, and will add further to this complexity.  These have been 
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epitomized by legislation such as the Large Combustion Plant Directive [1] and the impending Industrial Emission 
Directive in Europe [2], and the Clean Air Act [3] in the United States. 
CCS as referred to in this paper comprises a set of technologies aimed at capturing CO2 before it enters the 
atmosphere, compressing and transporting it, and injecting at pressure into suitable geological formations for 
permanent storage. CO2 could be captured from the combustion of fossil fuel by a number of mechanisms. The 
leading proposed technological concepts can be grouped into the following three categories: 
• Pre-combustion; 
• Oxy-combustion; 
• Post-combustion. 
Either post-combustion or oxy-combustion CO2 capture could be applied as a CCS retrofit during the operational 
lifetime of power plants when the maturity of the technology and the value given to reduced emissions justify this. 
Of these two capture technologies, post-combustion capture using amine scrubbing currently offers greater 
commercial experience, simplicity for retrofit, and lower estimated costs. Post-combustion capture using amines 
therefore forms the focus of this paper. 
In the case of post-combustion capture technology retrofit, removal of CO2 from the main flue gas stream 
requires diversion of the flue gas into the CCS process following combustion, before it arrives at the exhaust stack. 
This flue gas stream may be all or part of the total plant flow or for multi-unit plants may be diverted from specific 
power generation units into the CCS plant before exhausting to atmosphere, either through returning back to the 
existing stack or through a new dedicated stack. This diversion and subsequent emission in itself poses an 
engineering challenge. In particular, the flue gases from the CCS plant will still require adequate dispersion as they 
contain residual levels of pollutants such as NOx and SO2, despite the fact that the CCS process itself reduces some 
of these pollutant levels further as a process by-product. 
Pollutants present in exhaust gas from combustions plants (which may be from power generation or industrial 
sources) are dispersed through stacks.  Emitting these exhaust gases at height allows the gases to be mixed in the 
atmosphere.  The pollutants are effectively diluted or dispersed such that when they reach receptors the 
concentration is much lower than when they are emitted.  Maximising this height is key to achieving effective 
dispersion.  Air quality regulations are in place in most countries in the world which define safe levels for pollutants 
in ambient air.  Those operating or proposing to operate processes which result in emissions to air must have regard 
to these levels and, in most cases, demonstrate compliance with them, and/or that contributions are not significant.  
Dispersion of pollutants is a product of the physical properties of the stack and flue gases (and the uncontrollable 
variable of local meteorological conditions).  The physical height of the stack is important, but the final ‘effective’ 
stack height is determined by the thermal buoyancy and momentum of the flue gas.  It is the effective stack height 
that governs how well the pollutants are dispersed as this increases the potential for atmospheric mixing and reduces 
the change that pollutants become trapped by an inversion [4].  Dispersion is also affected by building wake effects.  
Airflows passing become turbulent as they pass over buildings leading to localised vortexes or eddies.  The effect of 
this on dispersion from tall stacks depends on the height of the local buildings and the wind direction.  For sites that 
have a number of tall structures near to the stack, complex near-field wind effects can have significant impacts when 
wind directions place the stack downstream of the buildings, potentially resulting in elevated ground-level pollutant 
concentrations [5][6]. 
Changes to the properties of the flue gas therefore have the potential to change the eventual pollutant 
concentrations at local receptors by virtue of changing the effective stack height.  Where the thermal buoyancy 
and/or momentum of the plume are reduced, with all other factors being equal, dispersion will be poorer leading to 
less well mixed pollutants and higher pollutant concentrations at receptors (and reducing the distance from the plant 
where the plume first ‘grounds’). 
Given that CCS retrofits have the potential to change the properties of the flue gas and might require new 
emission points, the impacts on air quality must be considered at an early stage to ensure that an appropriate 
engineering design is adopted. 
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2. Site specific considerations 
2.1. Space constraints 
The importance of land footprint is critical for retrofit of CCS to an existing plant which may have constraints on 
available space than to a new-build CCS plant. Depending on the volume of flue gas being directed to the CCS plant 
for treatment, the ducting might be of significant dimensions with a cross section of several meters. Flue gas 
ductwork routing is also to be carefully considered so as to not restrict construction access and access for 
maintenance purposes during operation. Available space on site can sometimes be set aside as part of a flood risk 
compensation scheme and use of this space could represent a conflict between climate change mitigation and 
climate change adaptation.  Hence space constraints on sites and other engineering limitations (such as ducting 
feasibility) may make return of the treated flue gas back to the main stack challenging and may dictate the 
requirement for a new stack, particularly where only part of a site’s unit(s) are connected to the CCS process.   
2.2. Changes to flue gas volume at site 
Through the capture of CO2 the total volume of the exhaust gas produced by the combustion plant is reduced.  
This can have consequences for pollutant dispersion depending on the nature of the exhaust stack.  Without 
modification to the stack, this would mean that dispersion of pollutants is reduced.  This issue is considered in more 
detail later. 
The supply of heat for solvent regeneration and shaft power for CO2 compression are the most energy intensive 
aspects of solvent-based post-combustion CO2 capture processes. Thermal integration retrofit between the power 
plant and the CCS plant could mean a substantial reduction in the host plant net power output and therefore may not 
be economically justified. As it may not be possible to recover energy from the existing power plant to supply the 
energy requirements of the CCS process, alternative energy supply options can be contemplated and would require a 
new dedicated power/steam generation source on site. The preferred solution and associated sizing would be derived 
from a techno-economic analysis and would take into account the site specifics such as process requirements, 
electrical interfaces, fuel availability, etc. which do not form the focus of this paper. A new generation source at site 
would lead to the production of further exhaust gases and associated pollutants which would need to be dispersed (or 
indeed sent to the CCS process). Re-use of the existing main stack may not be possible due to the space constraints 
mentioned above, poor exhaust gas dispersion, or both. 
2.3. Requirements for new emission points 
For cases where the entirety of the flue gas from the combustion plant is passed through the CCS process, it may 
be possible for the existing stack to continue to be used, although this is highly dependant on the site constraints.  
For partial load capture it may not be possible to arrange the ducting so that the captured and non-captured flue 
gases can both feed in to the existing stack, necessitating the requirement of an additional emission point.  
Regardless of the possibility of feeding a partially captured stream back in to the existing emission point, it may not 
be economical to do so depending on the length of the ducting requirements required.  It is conceivable that in some 
cases existing stacks could be made redundant due to a combination of engineering challenges and economics, 
although this is unlikely. 
The requirement for a new dedicated stack would be highly dependant on the circumstances of each site; 
regardless, the inclusion of the additional process has the potential to fundamentally change the overall profile of 
dispersion from the site as a whole which may require additional mitigation to compensate.   
New build plants will have the benefit of being able to carefully consider and overcome these issues through 
incorporating considerations relating to air quality in the original project design. This might include leaving ample 
space for CCS technology, return paths to the main stack and considering strategies to enable heat/power recovery 
for the CCS process and potentially reheat of the post CCS flue gas to increase the effective stack height and, 
therefore, improve dispersion. In the case of post-combustion capture retrofit, those issues would have to be 
addressed with a view to optimising the engineering solution in terms of design and costs while achieving adequate 
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air dispersion.  Proposed carbon capture readiness requirements for new build plants in the UK, for example, 
acknowledge and address these challenges [7]. 
3. Sites that retain the existing stack 
3.1. Potential Risks 
Some plant configurations may be able to maintain their existing stack by virtue of adequate space and 
favourable ducting paths.  In the main this is likely to be those plants where the entirety of the flue gas stream is 
passed through the CCS process with a return path to the main stack by removing the former ducting at the base of 
the exhaust stack or for discrete whole power units.  (Note that this is also the position of new-build plants that 
incorporate CCS technologies).   In this case, the main effect of the CCS process on the eventual dispersion of the 
pollutants is three-fold:  the flue gas volume would be reduced due to the removal of the CO2 portion of the gas, the 
pollutant levels would be diminished due to the CCS process and the temperature of the exhaust gas would also be 
reduced. 
3.2. Reduced flue gas flows 
By reducing the flue gas volume, there exists a risk of the existing stack being oversized.  Particularly in the case 
where the entire flue gas flows are captured, the flue gas volume can be typically reduced by around 15-20%/v and 
50-55%/v for gas-fired and coal-fired power plants, respectively [8].  The relationship between the flue gas volume 
and the cross-sectional area of the exhaust stack determine the exit velocity of the exhaust gas, a primary 
determinant of the effective stack height.  Reducing the flue gas volume without also reducing the cross-sectional 
area (diameter) of the stack would inevitably lead to lower exit velocities, lower effective stack heights and 
potentially increased ground level pollutant concentrations or larger areas of impact.  For multi-unit sites served by a 
multi-flue stack the situation is more complicated—if all the units were passed through the CCS process then the 
effect would be the same as described above, however if only a number of the units are passed through the CCS 
process, then the effect will be lessened as the total reduction in flue gas volumes would be proportionally less.  The 
effect of this could be mitigated if additional generation source is required on site to provide steam and/or power as 
this would increase the overall amount of exhaust gases from the site (assuming that the exhaust gases could be 
directed to the stack).  It is possible to modify existing stacks through lining techniques or potentially replacing 
multiflue stacks while retaining the existing windshield structure. 
3.3. Temperature changes 
A second important determinant of the effective stack height is the temperature of the flue gas.  At the point of 
release, the temperature of the exhaust gas determines the thermal buoyancy of plume with higher temperatures 
giving increased buoyancy and therefore an increased effective stack height.  For maximum process efficiency the 
exhaust gases entering the CCS process are cooled—the consequence of this is that the thermal buoyancy at the 
point of release is lowered and therefore dispersion is negatively affected (see Figure 1).  This problem is 
compounded in regions with very high ambient temperatures: if the temperature of the flue gas is close to the 
ambient temperature then condensing of the plume could occur.  Table 1 presents illustrative effects of lowering exit 
temperatures on ground-level pollutant concentrations for a generic plant.  The lowering of the gas temperatures also 
impacts on the volume of the release, which compounds the poor dispersion problem—in this case a decrease in 
release temperature from 100°C to 50°C leads to an increase in the maximum ground level pollutant concentration 
of 34%. 
A logical solution to this problem is to reheat the gas post-CCS but this could be constrained and complicated by 
the availability of heat on the site, particularly where reheat of gases has previously been done post-FGD or post-
SCR.  As discussed above, introducing new heat sources requires either a loss of overall plant efficiency, or a 
dedicated reheat.  These heat sources may be combustion based leading to additional flue gas volumes and pollutant 
loading that must also be dispersed from the site. 
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Table 1   Illustrative example of the potential impacts of lowered release temperatures on ground-level concentrations for a generic plant 
Release Temperature (°C) 100 90 80 70 60 50 
Maximum Ground Level Pollutant Concentration (μg/m3) 9.70 10.15 10.71 11.37 12.13 13.00 
Percentage Increase on Base Case  5% 10% 17% 25% 34% 
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stack height due to 
lower temperature T1 
(T1 < T0)
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stack height, plus 
temperature (T0) 
and exit velocity of 
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Figure 1   Illustrative example of potential changes to the plume following a lowering of temperature 
3.4. Pollutant Emission Levels 
As the exhaust gases are passed through the CCS process the amine present serves to reduce NOx and other 
pollutant concentrations in the exhaust gases during CO2 scrubbing. A comparison of the emissions to air from a 
natural gas combined cycle gas turbine (CCGT) plant and an ultra-supercritical pulverised fuel (USCPF) coal plant 
is given in Table 2 below, summarised from the information available in the IEA GHG studies [8] and [9]. It should 
be noted that SO2 emissions depend on the sulphur content in the fuel, which is assumed to be 1.1% in the IEA GHG 
report [8] p. 33. 
Table 2   Impact of post-combustion CO2 capture plants on Exhaust Gas Pollutant Concentrations 
 CCGT without capture CCGT with capture USCPF without capture USCPF with capture 
Oxygen content of dry gas at 
measurement 
15% 15% 6% 6% 
SO2 (mg/Nm3) 0.5 Nil 200 10 (Note 1) 
NO2 (mg/Nm3) < 20 < 20  <20 
NOx  (mg/Nm3)    200  
PM (mg/Nm3) Nil Nil Nil (Note 2) Nil 
Note 1 This result is given in IEA GHG 2004 [8] p.79; in practice SO2 emissions for post-combustion capture are expected to be < 1 
mg/Nm3 since remaining SO2 after flue gas desulphurisation would react with the amine during CO2 scrubbing. 
Note 2 This result is given in IEA GHG 2004 [8] p.79; for USCPF without capture at least 10 mg/Nm3 of particulate matter (PM) emissions 
would normally be expected after electrostatic precipitator (ESP). 
 
The consequence of this is that the overall pollutant loading of the exhaust gases is reduced compared to normal 
and, all things otherwise being equal, would lead to reduced pollutant concentrations at local receptors.  A 
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dichotomous relationship exists between worsened dispersion parameters and lower overall pollutant loadings 
meaning the overall impact on ambient air quality will be sensitive to the specific features of a project. 
Figure 2 presents an example of the changes that can occur following the installation of post-combustion CO2 
capture at an example plant with 100% capture without any other modifications to the process, i.e. no reheat of the 
post-CCS exhaust gas, no changes to the existing stack (note that these contours are analogous to the results 
presented in Table 1).  Following the installation of CCS (‘Post-CCS Installation’ case), the volume and temperature 
of the release are decreased, as well as the pollutant loading.  The Post-CCS Installation case shows a general 
increase in pollutant concentrations where the maximums occur as well as small increases in the total areas affected.  
For example, compare the areas of the >9μg/m3 in both cases—in the Post-CCS Installation case this area is around 
three times larger for the impact area to the north-west of the plant, while significantly larger for the impact area to 
the north-east of the plant.  
 
4. Sites that require a new dedicated stack 
4.1. Potential Risks 
For sites where it is not possible to reroute exhaust gases from the CCS back to the existing stack, a new 
dedicated stack would be required.  Despite reducing CO2 emissions at site, and when factoring in the wider 
requirements associated with the capture elements, the CCS process could therefore represent a risk to worsening 
local air quality as explained below. 
4.2. Sizing a new emission point 
A new stack to serve new power/steam generation source and/or CCS stream may also need to be appropriately 
sized with respect to the volume of gas discharged as it may be located in close proximity to existing tall boiler 
building structures. A tall stack (which could bring with it corresponding visual impact and cost) may be required to 
overcome building wake effects which do not act upon emissions from the existing stack. 
 
Pre-CCS Installation 
 
Post-CCS Installation 
Figure 2   Illustrative example of potential changes to ground-level pollutant concentrations (μg/m3) following the full retrofit of CCS at a site 
with a single stack without mitigation 
N N 
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Interaction of the exhaust gases from the existing and new stacks requires consideration.  Plumes in close 
proximity will mix where they intersect.  This means that if one of the plumes is, for example, hotter, some of this 
energy is passed to the second plume aiding its dispersion. If a second emission point is directly adjacent to an 
existing emission point, these benefits will be maximised, with the potential that they can almost be considered as a 
single source.  Stacks that are separated by increasing distances will have increasingly independent impacts [5]. 
4.3. Changes to the area impacted 
Introducing a new stack on site to serve the CCS process could result in a wider area being affected by emissions 
from the power plant. It could also lead to additional visual impact and additional costs to the project. Where the 
engineering challenge of returning the flue gas to the main stack is too great, it would result in changes to the 
dispersion of the remaining flue gas at this point (poorer dispersion due to lowering of efflux volume and hence exit 
velocity). In addition, the temperature of the post-CCS flue gas—which is often lowered significantly due to the 
process—could also influence dispersion characteristics potentially resulting in higher process contributions to 
ground level pollutant concentrations. 
Depending on the proximity of the two stacks, there will be changes to the way air quality impacts are distributed 
across the local area.  Each stack will have its own impact footprint—this is to say that the way pollutant 
concentrations are distributed across the impacted area may differ and in some cases overlap.  The overall impact on 
receptors will be a combination of how the changes to the existing stack (temperature, volume and pollutant 
loadings) affect pollutant concentrations and contribution from the new emission point.  The site specifics will 
determine the overall impact but it is just as possible that air quality benefits could arise as disbenefits.  For 
example, a site with partial capture from a number of units served through an existing multiflue stack paired with a 
new stack of similar height is likely to lead to a reduction in ambient pollutant concentrations, as the overall changes 
at the existing stack are proportional to the pre-CCS operation while the new stack will emit gases that have a 
comparatively lower pollutant loading.  Figure 3 presents an example of this situation. 
The design of new stacks will need to take due regard of the local meteorological profile—many sites across the 
world have very tall stacks which were sized according to historical emission limits which have subsequently been 
tightened.  This means that stacks for equivalent plants designed today might be lower than in the past due to lower 
mass emissions.  However, the very tall stacks have the added benefit of being more likely to allow exhaust gases to 
be released above the boundary layer inversions (under which pollutants can become trapped), whereas new, lower 
stacks may not. 
4.4. Impact on dispersion from an existing stack 
For sites where only partial loads are diverted through the CCS process to a new dedicated stack, there will also 
be consequences on dispersion at the existing emission point.  For sites that do not operate with a multiflue stack, 
the reduction in flue gas volumes will lead to poorer dispersion due to reduced exit velocities if no modification is 
made to the existing stack, as discussed earlier.  However there will also be lower associated pollutant loadings.  
There could potentially be changes to exit temperatures if the site operated multiple, non-identical units which could 
increase or decrease the temperature of the mixed exhaust gases once they have left the stack, depending on the 
specific units that remain. 
The effect on the main stack may be partially or fully mitigated if a new power/steam generation source is 
required on site and can be dispersed in to the new stack, which may compensate for the diminished flue gas volume 
and increase the temperature of the release.  However it may be more prudent to use the exhaust gas from the 
power/steam generation source in the new emission point given that these exhaust gases are likely to be hotter than 
the exhaust gases released from the CCS process—hence leading to better dispersion. 
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New Stack 100m East of Existing Stack 
 
Second Stack 500m East of Existing Stack 
Figure 3   Illustrative example of potential changes to ground-level pollutant concentrations (μg/m3) following partial retrofit of CCS at a site 
where second stack is required 
5. Summary and conclusions 
A discussion on the potential effects that the introduction of a retrofitted post-combustion CCS for combustion 
plants may have on air quality has been provided.  There are a number of complex interrelations that may occur, 
focussed primarily on changes to the dispersion parameters of exhaust gases from the combustion process—exhaust 
gas volumes, temperatures and exit velocities—as well as potential dynamics introduced to the site if a second 
release point is required. 
The ultimate effects on air quality will be dependant on the circumstances of the site and the presence of 
receptors in the locality of the site.  Introducing new emission points and significantly changing existing ones could 
lead to changes in the extent and intensity of pollutant concentrations at local receptors which may lead to and 
improvement or deterioration compared to the pre-CCS impacts. 
Developers of CCS at combustion sites are therefore encouraged to give early consideration to the potential air 
quality impacts that may arise from these modifications so that mitigation strategies can be incorporated into the 
engineering design in the most cost effective and environmentally beneficial way. 
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